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SUMMARY
The microbial community of the gastrointestinal system has an enormous impact on the
vertebrate host. The relationship begins at birth or hatch and evolves to a stable ecosystem
in which diverse, and unique, niches are created and inhabited by microorganisms. These
microbial populations tend to be similar within a host species (and even across host species),
but each system is a unique construct resulting from its individual history of mutual inﬂuence.
The development of the system, both microbial and host, begins in the perinatal animal. The
timing of this developmental process is suggestive of imprinting, the process of epigenetic
evolution of somatic stem cells. (Imprinted changes are thought not to involve the germ line,
i.e., are not inherited by the next generation of the host animal, but are genetic changes that
can be passed on to the daughter cells of the imprinted proliferative stem cell.) This review
brieﬂy discusses the development of the gastrointestinal system, including both the microbiota
and its perinatal host. The effects of the microﬂora on enteric and immune cells are described.
Effects of attempts to restrict contact between the mucosal immune system and the microbiota
are addressed, along with further data that would be required to demonstrate that the effects
of thegut microbiota onmucosal immune development arerestricted to anontogenetic window.
Finally, the consequences of a failure to achieve a relationship of mutual tolerance between
the microbiota and the host and some mechanisms to facilitate this process are discussed.
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DESCRIPTION OF PROBLEM
The intimate relationship between microor-
ganisms andvertebrates is the resultof millennia
of mutualselection. The commensal,or resident,
microﬂora is composed of the species that are
present on the surfaces of the body and are in
contact with such diverse epithelial cells as stra-
tiﬁed squamous keratinocytes, enterocytes, cili-
1This paper was presented as part of the 2007 PSA Informal Nutrition Symposium: The Impact of Imprinting on Biological
and Economic Performance of Animals, San Antonio, Texas.
2Corresponding author: Julia.Dibner@novusint.com
ated respiratory columnar cells, and the transi-
tional epithelium of the ureter. Each niche has
its challenges and opportunities, eliciting unique
adaptations from both host and microﬂora. One
of the most complex of these relationships is
that of the gastrointestinal (GI) system and its
resident microﬂora. Certainly, the microﬂora
beneﬁts from the relationship, but it also has
beneﬁts for the host, not the least of which is
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prevention of sudden catastrophic overgrowth
ofpotentiallylethalpathogensthatareinevitably
introduced at some point with feed or water, if
not before. The molecular adaptations by the
host upon introduction of bacterial species are
just beginning to be described but include multi-
ple and evolving responses by both enteric and
immune cells. To manipulate this system,
whether to enhance productivity or prevent dis-
ease, the responsible biological mechanisms
need to be understood.
The concept of “metabolic imprinting” was
proposedbyWaterlandandGarza[1]todescribe
adaptive metabolic responses to the inﬂuence of
early nutrition that are then carried forward into
the remainder of the life span, even after the
initiating inﬂuence is gone. The authors listed
4 characteristics that can be used to identify
imprinted adaptive responses: 1) a limited and
earlyontogeneticwindowofopportunity,2)per-
sistence of the effect through adulthood, 3) a
speciﬁc and measurable outcome(s), and 4) a
dose response or threshold relationship between
the initiating factor and the outcome. Biological
imprinting itself was ﬁrst deﬁned by Lorenz [2]
to describe the memorization of ﬁlial relation-
ships by neonatal birds. Lorenz proposed 2 crite-
ria to identify imprinted inﬂuences: a critical
period for 1) the exposure and 2) the persistance
of the behavior. The additional constraints pro-
posed by Waterland and Garza [1] serve to per-
mit research into potential mechanisms associ-
ated with such an effect. On a molecular level,
imprinted adaptation results in changes in gene
expression associated with changes in DNA
methylation, histone modiﬁcation, gene conver-
sion, and gene rearrangement [3–5]. The mecha-
nisms that allow these changes to be inherited
by daughter cells over the life span of the animal
appear to be species and tissue related [6–9] and
havenotyetbeenfullydescribed[10].Ofcourse,
the possibility of transmitting such adaptive
changes to the germ line and then to subsequent
offspring has been the source of interesting de-
bate for hundreds of years [11, 12] but is beyond
the scope of this review.
To describe changes that may be the result
of adaptive imprinting, it is necessary to know
the state of the organism, tissue, or cell before
theexposuretotheconditionsthateffectchanges
in gene expression. Fortunately, in describing
the impact of the microﬂora on the host, this
prior state is simply the state of the GI system
at birth, at hatch, or before conventionalization
of a young, germ-free bird.
EMBRYONIC DEVELOPMENT
OF THE GI SYSTEM
The GI system includes the host digestive
tract and its associated immune tissue, and the
commensal microﬂora. If isolated from one an-
other,thecomponentswillundergodevelopment
tosomedegree,buttheachievementoffullfunc-
tional maturity requires that they develop to-
gether [13–16].
Digestive Tract
The general direction of digestive tract de-
velopment is anterior to posterior, with the fore-
gut being the most differentiated at the time of
hatch [17]. Although the bird has not ingested
feed at the time of hatch, intestinal and pancre-
atic enzymes as well as nutrient transport capa-
bilities are present [18]. Nutrient digestibility,
however, is not fully mature at this time [19].
Ontogenetic changes occur, both before and
after hatch, that include increased levels of pan-
creaticandintestinalenzymes[20–22],increases
in overall GI tract surface area for absorption
[23–25], and changes in nutrient transporters
[26, 27].
Hatchling poultry undergo a fundamental
change upon emergence from the eggshell. Sim-
ply put, the neonatal animal loses the protection
of an isolated environment. During embryonic
incubation, sterile yolk nutrients supply the
needs of the bird and are delivered from the yolk
sac via the bloodstream. It is clear that some of
the biochemical changes associated with diges-
tion and absorption occur before signiﬁcant oral
exposure to macromolecular nutrients. Indeed,
expression of mRNA of brush border enzymes
and transporters for carbohydrate digestion be-
gins during incubation and peaks at incubation
d 19 [27]. As hatch approaches, the residual yolk
sac is internalized within the body wall [17].
Evidence has conﬁrmed that near or at hatch,
some of the residual yolk makes its way into
the intestine via the yolk stalk, and thus provides
digestible nutrients that may stimulate matura-
tion of the digestive and absorptive functions of
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the intestine [28, 29]. Thus, all of this develop-
ment is independent of contact with the gut mi-
croﬂora.
Gut-Associated Immune System
At the time of hatch, the primary immune
organs, the thymus and bursa, are both present
and populated by lymphoid cells. The migration
of lymphocytes to the thymus occurs in several
waves, beginning atd6o fembryogenesis. The
thymocytes are CD3+ (avian homolog) and de-
velopCD4 orCD8antigens duringembryogene-
sis [30]. As in mammals, the development of
the T-cell receptor speciﬁcity occurs primarily
during embryological development and is there-
fore not inﬂuenced by the gut microﬂora. The
bursa is populated by committed B lymphocytes
that have already undergone heavy- and light-
chain V, D, and J gene rearrangements to form
the immature B-cell receptor complex [31, 32].
These committed but prediversiﬁed B cells mi-
grate to the bursal mesenchymal anlage, and
populations of those with productive V(D)J re-
combination are selectively expanded [32, 33].
The speciﬁcity of the prediversiﬁed receptor is
not a factor in this selection, but the surface
expression of an sIg receptor is required [32].
Thus, there is no requirement for the recognition
of antigen—microbial or otherwise—in the de-
velopment of avian embryonic B cells. At this
time, the diversiﬁcation of the variable region
occurs by gene conversion [34] and a diverse,
albeit antigen-naı ¨ve, population of B lympho-
cytes develops.
The effect of thymectomy or bursectomy on
the development of the immune response is one
indicator of its functional status at hatch. Neona-
tal thymectomy does not result in severe impair-
ment of cell-mediated responses or the develop-
ment of T-cell diversity, indicating a fairly high
degree of development during embryogenesis
[35, 36]. Bursectomy of the neonate results in
an impaired adaptive response, particularly in
the areas of isotype differentiation and develop-
ment of antibody diversity [37]. Bursectomy as
late as d 18 of incubation can result in loss of
circulating IgG and IgA, leaving a primary IgM
response of very limited diversity as the only
humoral immune capability [38]. As the bird
ages, bursectomy has less inﬂuence, indicating
the existence of an ontogenetic window for
bursa-dependent events.
EARLY POSTNATAL
DEVELOPMENT OF
THE GI SYSTEM
Digestive Tract
At the time of hatch, although some goblet
cells can be observed in the lower ileum and
colon,thegutepitheliumisrelativelyundifferen-
tiated, with cell columnar shape and apical orga-
nization developing posthatch [39]. Basically all
cells are initially capable of proliferation, but
mitosis becomes restricted to the developing
crypts during the ﬁrst 72 h after hatch [39]. The
structure of the mature small intestine, which
has been the subject of numerous reviews [22,
40] consists of villi that protrude into the intesti-
nal lumen, increasing surface area for absorp-
tion. The villus epithelial cells are the product
of stem cell proliferation in the crypts of Lieber-
kuhn. The cells differentiate as they ascend the
villus, taking on such functions as absorption
(enterocytes) or mucin synthesis (goblet cells).
As they approach the tip of the villus, cells un-
dergo programmed cell death, resulting in a total
life span of approximately 5 to 7 d. In addition
to enterocytes and goblet cells, the GI stem cells
also give rise to enteroendocrine cells, Paneth
cells, and the M cells characteristic of the folli-
cle-associated epithelium of Peyer’s patches.
The GI epithelium, along with its secreted layer
of mucin, forms an effective barrier to entry by
both macromolecules and microorganisms. As
discussed later, epithelial differentiation does
appear to be inﬂuenced by the intestinal mi-
crobiota.
GI Microbiota
Although the gut of birds is theoretically
sterile at hatch [41], colonization proceeds im-
mediately. Under normal circumstances, the GI
lumen becomes populated rapidly by bacteria
from hatchery waste or other hatchery-related
microbial populations [42, 43]. Therefore, in
modern production situations, birds are already
populated by microorganisms before arriving at
theproductionhouse.Provisionofnutrients,par-
ticularly carbohydrates, is necessary to encour-
age colonization by saccharolytic organisms,
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rather than protein-fermenting putrefaction or-
ganisms [42]. The provision of an acid supple-
ment early in life encourages expansion of acid-
producing bacteria such as lactobacilli and can
reduce the shedding of Salmonella [44].
The resident GI microbiota consists of ap-
proximately 400 known species, of which 20 to
40% can be cultured [15]. The availability of
moleculartechniques foridentifying noncultura-
ble species has opened new avenues of research
into the factors that affect this complex mixture
of organisms, as reviewed recently by Richards
et al. [45]. Its development occurs through a
series of colonization steps that are similar
across species [46]. Generally, the aerobic and
facultative organisms, such as coliforms, lacto-
bacilli and streptococci, colonize ﬁrst [46–48].
These organisms are thought to lower the oxida-
tion reduction potential in the intestine, which
allows the subsequentcolonization by anaerobes
such as biﬁdobacteria [46]. Both longitudinal
and horizontal variation in host niches is avail-
ableforcolonization[46].Thelongitudinalorga-
nization is based on differences in lumen pH and
nutrient availability, with lower pH and higher
nutrient availability in the apical compared with
the distal segments. In the horizontal organiza-
tion, there are 4 microenvironments: the intesti-
nal lumen, the apical unstirred mucus layer, the
deep mucus found in association with the crypts,
and the epithelial cell surface itself [46]. Re-
cently, some interesting work on the reciprocal
colonization of gut microbiota of zebraﬁsh and
mice indicates that the foreign microbiota is tol-
erated by the host, but that the host niches deter-
minetherelativeabundanceofeachspecies[49].
In poultry, enterococci and lactobacilli are
the dominant species in the crop, duodenum,
and ileum during the ﬁrst week of life, whereas
coliforms, enterococci, and lactobacilli are pres-
ent in high numbers in the ceca [50–53]. Subse-
quently, a highly complex group of mostly obli-
gate anaerobes begins to take over the ceca,
whereas lactobacilli take over the crop, duode-
num, and ileum [54]. After 2 to 3 wk, the intesti-
nal microﬂora is established and stable [53, 55].
The obligate anaerobes of a stable climax hind-
gut microﬂora consist of biﬁdobacteria, Clos-
tridium, and Bacteroides, living in high popula-
tion densities in the cecal pouches and colon,
where low nutrient concentration controls their
rate of growth [42, 56, 57]. This diverse popula-
tion, which still includes lactobacilli and such
facultative organisms as Escherichia coli and
streptococci, can be very effective in excluding
newcomers, whether pathological or innocuous.
However, the equilibrium of the microbiota is
dynamic, responding to its environment, includ-
ing changes in availability of gut secretions and
dietary composition [58–60].
Gut-Associated Immune System
In contrast to the digestive tract, the gut-
associated immune system develops ﬁrst in the
distal intestine [61, 62]. At the time of hatch,
someoftheimmatureBcells,expressingsurface
IgM, migrate to peripheral organs such as the
cecal tonsils and Meckel’s diverticulum, where
immature T cells are also present [63]. At this
stage, when the animal ﬁrst experiences oral
exposure to feed and microbial antigens, condi-
tions in the gut favor the development of toler-
ance more than immunity [64]. Interestingly,
tolerance cannot be induced for any antigen to
which a maternal antibody is directed [65], a
condition that ensures that pathogen speciﬁcities
in the nascent microbiota are not tolerogenic to
the neonate.
There is a second wave of lymphocyte mi-
gration to the gut at 4 d posthatch [66], which
consists of cells capable of cytokine expression
and effector function. Conditions now favor the
development of immunity upon exposure to mi-
crobial or soluble protein antigens [64]. The fact
that the responding immune tissue is in the hind-
gut means that most soluble protein antigens
would be digested at this point and are thus no
longer antigenic. Microbial antigens, however,
are abundant in the hindgut. It is at this time
that the interaction of environmental antigens
with enteric and immune systems begins to be-
come essential for further maturation. The on-
togeny of gut-associated immune competence
has been the subject of a recent review [61].
MICROBIOTA EFFECTS ON HOST
CELL FUNCTION
The perinatal GI system is confronted by an
enormousamountofforeignmaterialthatitmust
recognize and respond to as useful, innocuous,
or dangerous. The mechanisms by which these
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distinguishing responses are accomplished are
the subject of intense research. This review de-
scribeseffectsof themicroorganismsonsomatic
cells, enterocytes, and goblet cells, as well as
effects on gut-associated immune cells, primar-
ilylymphocytes.Itshouldbenotedthattheadap-
tation is 2-way, with the microﬂora response to
its host being as active and necessary as the
reverse, but this review will be limited to host
responses to the microbiota.
Digestive System
Digestive Tract. There is abundant evidence
thata commensalmicroﬂoraaffects thestructure
and function of the digestive tract. Much of this
evidence is from germ-free animals, including
chickens. Germ-free animals have been demon-
strated to have a reduction in gut size, including
thinner intestinal villi and a thinner total gut wall
[67]. This may be due, in part, to the reduction
of trophic luminal short-chain fatty acids that
are the product of microbial fermentation [68,
69]. Villi tend to be thinner and shorter but,
despite that, absorption and efﬁciency tend to be
greater[70].Thereductionsingutwallthickness
and villus lamina propria density as well as the
reduction in basal metabolic rate have been used
to explain the enhanced nutrient digestibility
seen with germ-free conditions (reviewed by Vi-
sek [71] and Furuse and Okumura [72]). Upon
introduction of microﬂora, measurable increases
occur in gut weight, villus height, and cell turn-
over [73].
Enteric Cells. The fact that the enteric epi-
thelium has a shorter half-life in the presence of
a commensal microﬂora is well established [70].
Whether all cellular components of the enteric
epithelium are equally affected is unknown. As
previously described, the enteric epithelium is
generated as functionally immature daughter
cells of proliferative crypt stem cells. Among
the factors that inﬂuence the direction their dif-
ferentiation takes are the microorganisms they
encounter as they migrate into the intestinal mi-
lieu. One well-documented response is that of
mucin secretion, which has recently been re-
viewed by Deplancke and Gaskins [74] and by
Lie ´vin-Le Moal and Servin [75].
Mucin plays multiple roles in the microﬂora-
host relationship [75, 76]. It serves to protect the
epithelial cells from attachment by pathogens,
to provide sites of attachment by commensal
bacteria and probiotics, and to provide a readily
available nutrientsource tomucolytic organisms
(recently reviewed by Deplancke and Gaskins
[74]). Both host and microbiota inﬂuence the
rate and nature of mucin synthesis, and this can
be readily demonstrated by using germ-free ani-
mal models [74]. For example, when lipopoly-
saccharide was administered to germ-free rats,
an increase in neutral mucin secretion by goblet
cells of the colon was triggered [77]. This was
followed by enhanced attachment of a commen-
salstrainofE.coliinthesmallintestine.Another
example of the role of mucin in microbial ecol-
ogy is that observed by Bry et al. [78], who also
used a germ-free animal model. They observed
that exposure of germ-free mice to a pure culture
of Bacteroides thetaiotaomicron was followed
by enteric cell production of fucosylated glyco-
conjugates, a readily digested substrate for B.
thetaiotaomicron’s own metabolism.In research
using chickens,Smirnov etal. [79]observed that
the inoculation of a dietary probiotic consisting
of lactobacilli and biﬁdobacteria increased the
expression of mucin mRNA by 160% in the
jejunum. Other research using in vitro systems
has also demonstrated the induction of mucin
gene expression by probiotic Lactobacilli [80,
81].
Another approach to identify effects of the
microbiota on the host was reported by Hooper
et al. [82]. This group colonized germ-free mice
with the commensal B. thetaiotaomicron and
used DNA microarrays to identify the global
transcriptional response to its colonization in the
gut. Several of the mRNA transcripts that were
increased by 2-fold or more were related to lipid
metabolism in the host, whereas others were
associated with trace mineral uptake. The in-
creased mineral and lipid uptake provides a
mechanismthatmayexplaintheobservationthat
colonization with B. thetaiotaomicron improves
host nutrient absorption and use [83]. Another
study using the same microorganism to colonize
germ-free mice found that the microbial coloni-
zation induced angiogenesis in intestinal villi,
and that this was mediated by Paneth cells in
hostintestinalcrypts[84].Theeffectsofmicrob-
iota and Paneth cells were additive, with full
villus vascular developmentrequiring both com-
ponents of the system.
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Finally, the introduction of microorganisms
is associated with the synthesis and secretion of
a variety of products characteristic of the innate
and adaptive immune responses. For example,
activation of enteric cell Toll-like receptors and
nucleotide-binding oligomerization domain pro-
teins by bacterial components such as lipopoly-
saccharide and muramyl dipeptide results in se-
cretion of interleukin (IL)-8 by epithelial cells
and antimicrobial proteins (AMP) by Paneth
cells [85–87]. Interestingly, one class of AMP
proteins, cryptdins, stimulates further IL-8 se-
cretion by an intestinal cell line in vitro by a
paracrinemechanismthatmayprovideapositive
feedback loop for controlling bacteria that man-
age to penetrate the mucin layer and advance
into the crypt [88]. Interleukin-8 is a proin-
ﬂammatory cytokine that results in leukocyte
inﬁltration. Both IL-8 and AMP are a part of
the initial innate response of the host GI system
to potential pathogens. This response provides
nonspeciﬁc control of bacterial replication and
invasion until the more speciﬁc and less energet-
ically costly [89, 90] adaptive immune response
can be mounted [91, 92]. In another report, Far-
nell et al. [93] described an increase in the de-
granulation of chicken heterophils by exposure
to probiotic bacteria both in vitro and in vivo.
Finally, the introduction of an isolated culture
of segmented ﬁlamentous bacteria, normal com-
mensal bacteria in mice, induces the cell-surface
expression of major histocompatibility complex
class II molecules on ileal epithelial cells [94].
In the same study, monoassociation of the germ-
free animals with Clostridium did not trigger
major histocompatibility complex expression.
Thus, the microbiota stimulates host defense
mechanisms whose function is to control their
location and their numbers.
These examples clearly show that the intesti-
nal microbial community affects host cell gene
expression and that this can occur immediately
after hatch. It is unlikely, however, that this
could be described as an imprinting process,
because it does not appear to be limited to a
window in early postnatal time and many of
these responses may be reversible. In addition,
it is widely accepted that the differentiated gut
epithelial cells are nonproliferative and would
therefore not have the opportunity to pass the
information on to daughter cells.
Secondary Gut-Associated Immune Tissue
Immune Tissue. The essentiality of the mi-
croﬂora for the development of the gut-associ-
ated lymphoid tissue (GALT) in the chicken
wasrevealed manyyearsago bystudies ingerm-
free animal models and in bursectomized or bur-
salduct-ligatedchickens [95–97].Germ-freean-
imals, avians and mammals alike, exhibit de-
layed lymphocyte and other immune cell devel-
opment in the lamina propria and fewer IgA-
producing cells when compared with conven-
tionally reared animals [76, 94, 98–101]. It
should be noted that in germ-free chickens,
bursa, thymus, and spleen weights do not differ
from those of conventional animals [96, 97].
The primary difference noted in germ-free
chickens is a reduction in the amount of tissue
in the cecal tonsils [96] and the low number of
germinal centers and plasma cells seen in the
lymphoid tissues of the ileocecal junction [97].
Lymphoid follicles of the cecal tonsils in germ-
free chickens were reported to contain no germi-
nal centers or IgA- or IgG-positive cells [102].
The importance of this observation rests in the
fact that additional immune diversity is gener-
ated during the proliferation associated with
class-switch recombination in germinal centers
of the peripheral immune system [103]. Both
gene conversion and hypermutation have been
detected in the germinal centers of secondary
immune tissue in chickens [104].This additional
diversity, following selection by antigen binding
and afﬁnity maturation, yields memory B cells.
Therefore,themechanismforﬁnalafﬁnitymatu-
ration appears to resemble that seen in mammals
[7–9].
Immune Cells.The consequences ofa germ-
free existence include effects on the primary
immune effector cells of the gut-associated
adaptive immune system, T and B lymphocytes.
For T lymphocytes, the numbers of αβ T cells
are markedly reduced in germ-free mice, but this
effect is completely reversible when the mice
are subsequently contaminated with normal GI
microﬂora [100]. Interestingly, γδ T-cell num-
bers are not affected by germ-free conditions
[100]. For the humoral immune system, particu-
larly to orally administered antigen, develop-
ment of isotype switching, antibody diversity,
and afﬁnity maturation in poultry is in some way
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inhibited by germ-free growth conditions [37,
105, 106]. In mammals, introduction of even a
single species of commensal bacteria into germ-
free mammals can stimulate the development of
the secretory IgA system [76, 94, 107]. Indeed,
the IgA secreted across the intestinal mucosa
represents approximately 70% of the total anti-
body production [108]. Typical adult humans
secrete more than 5 g of IgA per day, most of
which binds to intestinal microbes and to dietary
antigens[109,110]. Theseobservationshaveled
to decades of research intended to clarify the
nature of the microbial-host interaction that re-
sults in full mucosal immune maturation.
The effects of the commensal microﬂora on
the host humoral immune system are not incon-
sistent with the requirements of imprinting pro-
posedbyWaterlandandGarza[1].Forinduction
of tolerance in chickens (the subject of another
paper in this symposium and not discussed in
detail here), a restricted window of opportunity
has been demonstrated, the effect is responsive
to antigen form and dose, and the changes are
long term and measurable [64, 65]. The effect
may not be permanent, however, because there
are data showing that eventual loss of tolerance
can occur [61, 65].
Regarding the development of immune sen-
sitization in the gut of the bird, the cellular biol-
ogy in birds is not yet completely understood
but is under very active investigation. Recall
that surface expression of an Ig receptor appears
to be required for selective expansion of preim-
mune bursal lymphocytes, but the signal does
not appear to require antigen binding [32]. Dur-
ing this expansion in birds, diversity is created
through gene conversion, a DNA recombination
process which involves intrachromosomal, non-
reciprocaltransferofnucleotidesequenceblocks
[111, 112] through an activation-induced cyti-
dine deaminase-dependent mechanism [113,
114]. The characteristics of avian B cells and
generation of diversity by gene conversion are
reviewed by McCormack et al. [34].
In birds and mammals alike, the preimmune
diversity expressed during embryonic develop-
ment does not appear to require contact with
microorganisms. In birds, changes in bursal
structure at the time of hatch appear to favor the
contactbetweenthegutmicroﬂoraandthebursal
lymphocytes [95]. Speciﬁcally, the bursal epi-
theliumdifferentiatesinto cellsthatresemblethe
follicle-associated epithelium of Peyer’s patches
[63], and cells resembling M cells have been
observed to trap antigen delivered to the bursa
via the bursal duct or the cloaca [115, 116] and
to transport it to the medullary area of bursal
follicles [32]. The resulting antigen-bursa inter-
action can be disrupted by bursectomy (chemi-
cal, hormonal, or surgical), bursal duct ligation,
or bursal ectopic grafting. All of these methods
have been used to study the role of contact be-
tween microbial antigens and the bursa in the
development of the immune system.
Thompson and Cooper [117] reported that
ectopic grafts of bursal rudiments into the ab-
dominal wall become normally populated with
lymphocytes during embryogenesis but involute
following hatch, and they postulated that prox-
imity to the contents of the intestinal lumen is
essential for bursal function. Birds undergoing
bursal duct ligation in ovo (embryonic d 18)
were observed to have reduced antibody diver-
sity, fewer IgA- or IgG-positive plasma cells
[118],andanundetectableantibodyafﬁnitymat-
uration following repeated vaccination [119].
Similarly, birds in which bursal development
was arrested by testosterone propionate also fail
to develop IgG [120]. In these and other studies,
the amount of IgM was not affected by bursal
ablation or by germ-free conditions but IgG,
IgA, or both were affected [35, 94, 98–101, 121,
122]. Interestingly, later work in which Ig diver-
siﬁcation was measured in primary cells and cell
lines, and using 2-dimensional gel electrophore-
sis rather than antigen binding per se, has indi-
catedthatlight-chainmoleculesarehighlydiver-
siﬁed in ovo [123, 124]. Because this diversiﬁ-
cation occurred during embryonic development,
and was not affected by bursal duct ligation, it
presumably was independent of antigen pres-
ence-, speciﬁcity-, or afﬁnity-driven maturation.
When the bursa was repopulated after cyclo-
phosphamide treatment, follicular cells derived
from single B-cell precursors were able to pro-
duce a broad spectrum of light-chain diversity,
again as assessed by 2-dimensional gel electro-
phoresis, suggesting that a few bursal stem cells
can generate as much potential antigen-binding
diversity as the entire bursa of a nontreated bird
[123].Itshouldbenoted,however,thatexposure
of the bursa to antigens derived from in ovo oral
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vaccination [125] or in the neonate from feed, its
associated microﬂora [44, 126], or intracloacal
vaccination [127] are all associated with more
rapid development of the peripheral or mucosal
immune systems compared with the respective
antigen-free controls. This neonatal develop-
mentaldifferencemayberelatedtothereduction
in B-cell proliferation associated with embry-
onic vitelline duct ligation [128] or bursal duct
ligation [129], because embryonic development
of antibody diversity in bursal cells is also de-
pendent on B-cell division and the associated
gene conversion [34].
As has been described previously [130], the
progressive transition from IgM to IgA in the
germinal centers of the cecal tonsils during the
early postnatal period suggests that these are
importantsecondaryimmune organsfortheﬁnal
maturation of IgA committed B cells in chick-
ens. Support for this hypothesis can be found in
the work of Yasuda et al. [131] comparing the
microscopic characteristics of chicken and calf
secondary immune tissue. Their studies suggest
that the ileal germinal centers of the calf appear
to be analogous to the bursa, with no indication
of endogenous Ig class switching to IgG,
whereas the germinal centers of the cecal tonsils
in the chicken appear to be analogous to the
jejunal Peyer’s patches of the calf. In the latter
tissues, the proximity of CD4+ T cells would
facilitate Ig class switching to IgA, which has
not been observed to occur in perinatal bursal
follicles [132]. Although the occurrence of bur-
sal lymphocytes stained for both IgG and IgM
in the perinatal period was reported by Kincade
and Cooper [133], subsequent work demon-
strated that the IgG in such cells was not synthe-
sized by those lymphocytes but represented Ig
from the intestinal lumen. This IgG may repre-
sent immune complexes of antigen and maternal
antibodies, and may play a role in preventing the
development of immune tolerance to pathogen-
associated antigens [65].
As the bird ages, bursectomy has less and
less effect on the ability of the bird to mount a
humoral response [134]. The ontogeny of this
phenomenon was studied by Toivanen and Toi-
vanen [135], who described the ability of bursal
B cells to restore immune function of birds
treated with cycophosphamide. They character-
ized the bursal stem cell as a B cell able to
restore bursal morphology but incapable of fur-
thermaturationwithoutthebursalmicroenviron-
ment. Furthermore, they demonstrated that the
inﬂuence of the bursal microenvironment re-
quired cell-to-cell contact and would not occur
if the bursal mesenchyme was enclosed in a
diffusion chamber. However, once this step has
occurred and the postbursal stem cells have mi-
grated and populated the peripheral immune tis-
sue, the bursa is no longer essential for further
B-cell development [136]. Essentially, as the
role of the bursa in B-cell differentiation dimin-
ishes, it becomes and remains a secondary im-
mune organ, in which class switching and pro-
tective Ig synthesis do occur [61]. This change
in function, which is gradual and age dependent,
may be the cause of some conﬂicting results in
which secretion of Ig by bursal lymphocytes has
been observed by researchers using 4- to 6-wk-
old chickens [137], but not by others using 1-
wk-old chickens [138].
MICROBIOTA AND THE
DEVELOPMENT OF GUT
IMMUNE ECOLOGY
Maturation of the IgA Humoral Response
Despite the evidence described in the previ-
ous section, which suggests that at least part
of the development of antibody diversity is an
antigen-independent process, it is clear that the
normal development of the intestinal immune
system as a whole requires the presence of mi-
croﬂoraantigens,andthatthesecondaryimmune
tissue in germinal centers of cecal tonsils and
otherorgans isthe siteof ﬁnalisotype switching,
BCR diversiﬁcation, and antigen-driven afﬁnity
maturation[139].Someintriguingworkhassug-
gested that development of IgA in the lamina
propria of mice may take place outside of germi-
nal centers [140, 141] and that this represents a
primitive form of adaptive immunity [109] that
plays a role in regulation of the microbial com-
munities of the gut [13]. This has not been ex-
plored in chickens or other birds.
The ﬁnal diversiﬁcation and afﬁnity matura-
tion of chicken B cells in germinal centers was
studied by Arakawa et al. [103], who reported
that, following stimulation by antigen, postbur-
sal B cells are able to generate somatic variants
in splenic germinal centers. The size of these
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germinal centers was maximized by d 7 of the
primary response and had begun to wane by
14 d. When individual germinal centers were
isolated and the nucleotide sequences of the Ig
L-chain analyzed [104], the early germinal cen-
ters (d 7) contained both gene conversion and
point mutation-generated diversity, whereas the
late germinal centers (d 11) showed that further
diversiﬁcation occurred primarily through point
mutations, and that novel gene-conversion
events were very rare.
Taken together, these data suggest that the
wide primary repertoire is generated by gene
conversion in the bursa, during selective prolif-
eration for productive V(D)J recombination
[33]. This may be inﬂuenced by antigen expo-
sure, for example, as described by Rhee et al.
[142] for germ-free-appendix rabbits or as de-
scribed by Weill and Reynaud [143] for GALT
B cells. Once the B lymphocytes have migrated
to the secondary immune tissues of the gut, B-
cell proliferation in germinal centers drives fur-
ther diversiﬁcation, class switch recombination,
and afﬁnity maturation. This would require anti-
gen presentation to B cells by dendritic cells at
some point [31, 104].
The work described above suggests that im-
mune maturation is inﬂuenced by the microbiota
but does not prove that this process is restricted
in time, one of the key criteria for imprinted
effects [1, 2]. A missing experiment that would
be needed to conﬁrm the presence of an ontoge-
netic window of opportunity would be the dem-
onstration that full maturation of the gut-associ-
ated immune system after exposure of a germ-
free bird to gut microﬂora is an age-restricted
phenomenon. Thus, if exposure of an adult
germ-free bird to microﬂora did not restore IgG
or IgA levels, full BCR-binding diversity, or
germinal center activity in secondary immune
tissue to those of conventional birds, then the
role of the microbiota in these maturation pro-
cesses could be shown to be restricted in time,
whichiscurrentlyamissingpieceofdata.Exper-
imentally, it would be particularly interesting to
test monoassociation by using individual bacte-
rialspeciessuchasBacillussubtilis,Bacteroides
fragilis, B. thetaiotaomicron, or segmented ﬁl-
amentousbacteria,allofwhichhavebeenshown
to have the potential to restore full GALT devel-
opment in previously germ-free mammals [15,
82, 94, 142, 144]. This would be an important
step in clarifying the role of the gut microﬂora
on avian gut immune development.
HEALTH AND PERFORMANCE
EFFECTS
Gut Microbial Ecology and Intestinal
Inﬂammatory Disease
Enteritis is an increasing problem in produc-
tion animals and humans alike. There are some
indicationsthatthe outcomeofearlyinteractions
between the GI system and the microﬂora may
play a role in chronic inﬂammatory bowel dis-
ease [46, 145, 146]. In humans, the clinical inci-
dence of inﬂammatory enteric conditions such
as ulcerative colitis and Crohn’s disease has in-
creased 10-fold over the past 50 yr [147]. There
is increasing evidence that development of
chronic inﬂammatory disease is related to alter-
ationsinthegutmicrobialecosystem[147–151].
Interestingly, the intestinal ﬂora of humans with
active Crohn’s disease is different from that of
patients with inactive disease or controls with
no disease [152]. The use of probiotics in hu-
mans has gained popularity as antiinﬂammatory
agents [153–156] to treat these individuals.
In murine models of Crohn’s disease, devel-
opment of gut inﬂammation is eliminated by
raising the animals in germ-free conditions
[157–159]. For example, IL-10 gene-deﬁcient
mice develop chronic enterocolitis unless they
are raised under germ-free conditions. Neonates
from this genetic line show altered GI microbial
colonization within 24 h of birth [160]. Interest-
ingly, the development of inﬂammation can be
eliminated by treating these neonates with a lac-
tobacillus probiotic [160]. In addition, the treat-
ment of IL-10 gene-deﬁcient neonates with anti-
biotics prevented the development of colitis for
up to 12 wk after the therapy ended [161], sug-
gesting that treatment during a period early in
life may affect the later development of inﬂam-
matory disease in genetically susceptible indi-
viduals.
In poultry, the observation that a stable colo-
nized microﬂora can reduce the effects of patho-
gens introduced later in life is well recognized
[162]. Establishment of the stable or climax mi-
croﬂora is thought to beneﬁt health by reducing
the likelihood of growth of nonnative species,
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originating either from the environment or from
other intestinal niches within the same animal
[46,58,59].Forexample,thepresenceofalactic
acid-producing microﬂora in the small intestine
reduces the growth of acid-intolerant species
normally found in the cecum. One strategy for
encouraging rapid colonization of lactic acid-
producing organisms is the provision of organic
acids in the feed or water of neonatal poultry.
There is evidence that the acid needs to be pres-
ent during the establishment of the microbial
population (i.e., during the ﬁrst 2 wk posthatch)
to achieve optimum control of pathogens such
as Salmonella [163].
In poultry, enteric disease has become one
of the most signiﬁcant sources of production
inefﬁciency, morbidity, and mortality [164,
165]. Diseases rangefrom relatively benign con-
ditions such as feed passage, to more severe
problems such as runting and stunting, and ﬁ-
nally to fatal clostridial diseases such as necrotic
enteritis (NE), caused by Clostridium per-
fringens. Although clostridia are normally found
in the gut microﬂora of poultry, they are most
common in the lower gut, particularly in the
ceca, where nutrient type and concentration con-
trol their rate of growth [56, 57]. However, the
equilibrium of the microbiota is dynamic, re-
sponding to many internal environmental fac-
tors, including nutrition [59, 60].
Because retrograde peristalsis is essentially
continuous in poultry [166–168], clostridia can
be carried from the colon, cecum, or ileum into
the jejunum at any time and enter a more rapid
rate of growth in response to the nutrients avail-
able there. One factor that prevents this from
occurring under normal circumstances is the
presenceofadense,stable,lacticacid-producing
gut microﬂora in the jejunum. This keeps the
pH below neutral, which reduces the likelihood
of dominance by acid-intolerant species such as
Clostridium. However, an unstable microﬂora
or the presence of subclinical enteritis can dis-
rupttheecosystem,raisingthepHandincreasing
the rate of mucin production by goblet cells,
which would favor an overgrowth of Clostrid-
ium [58, 59, 76]. Other factors that can lead to
clostridial overgrowth include a rapid rate of
digesta passage through the upper small intes-
tine, particularly if the bird is consuming a high-
protein diet. The increase in amino acid avail-
ability in the lower gut could favor clostridial
growth [58, 59].
The effect of providing antimicrobial or-
ganic acids during the colonization and chal-
lenge period (1 to 21 d) on NE incidence and
severityhasbeenreportedbyHofacre[169].The
model system used in this experiment combined
coccidial (d 14) and clostridia (d 18, 19, and 20)
challenge to generate NE in broilers. Among
the challenged treatments, the presence of an
organic acid blend (ACTIVATE WD) [170]
gave lesionscores andperformance signiﬁcantly
better than those of the untreated birds. In addi-
tion, animals given the organic acid blend had
NE lesion scores that were not signiﬁcantly dif-
ferent from those of the nonchallenged control
birds. It is possible that providing an exogenous
source of acid was a factor discouraging over-
growth of Clostridium in the small intestine, but
it may also have simply favored the establish-
ment and maintenance of the normal acid-toler-
antmicrobialﬂorainthecrop,gizzard,andupper
smallintestine.Thus,theuseofprobiotics,acids,
or other gut environment modiﬁers can play a
role not only in the rapid establishment of a
stable microﬂora, but also in returning the gut
ecosystem to a more stable balance after a chal-
lenge, restoring its ability to maintain the com-
plex immune and microﬂora relationships with-
out invoking an inappropriate inﬂammatory re-
sponse.
CONCLUSIONS AND
APPLICATIONS
1. Interactions of the gut microﬂora, the host
digestive tract, and its associated immune
tissuearenecessaryforthefulldevelopment
of the GI system.
2. The microﬂora causes cellular changes in
the digestive epithelium, vascular supply,
and immune tissue, and some of these are
passed on to daughter cells.
3. Published data on the inﬂuence of the mi-
croﬂora on gut immune development, par-
ticularly on the maturation of B lympho-
cytes in the germinal centers of the GALT,
are not in conﬂict with the requirements for
imprinting, but more research is required
to demonstrate the presence of a limited
ontogenetic window for the effects of mi-
croﬂora on the developing immune system.
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4. Intestinal inﬂammation can be caused by
failures in the maturation of the GI micro-
bial ecosystem.
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